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Abstract 
In this paper, an experimental study is reported of variable property convection heat transfer of molten salts 
through a double-pipe steam generator. Molten salts flows upward in the vertical passage of annular cross-section and 
water evaporates in the inner tube. The heat transfer coefficients of molten salts have been calculated under 
buoyancy-influenced conditions with Reynolds numbers ranging from 2,500 to 12,000. A buoyancy parameter which 
combines Grashof number, Reynolds number and Prandtl number in a particular manner designed to characterize the 
strength of buoyancy influences. When the buoyancy parameter is less than 10-6, the buoyancy is less effective and a 
correlation equation with a maximum error of 20% is attained. However, when the buoyancy parameter is greater 
than 10-6, the variable properties of molten salts have a significant effect on heat transfer due to the high temperature 
difference between inner wall and molten salts. The results presented in this paper show, that molten salts flowing 
upward in a passage of annular cross-section having a chilled inner surface and an adiabatic outer one, the heat 
transfer behavior is generally similar to that air flowing downward in a passage of annular cross-section with a heated 
inner wall. But there are certain important differences. The variable properties of molten salts are stronger and the 
buoyancy force will be impaired under the viscous drag. Enhancement of heat transfer occurs with the onset of 
buoyancy influences, but more gradually and at a somewhat higher value of buoyancy parameter than the air case. 
Base on the experimental results, an equation correlated satisfactorily in terms of Nusselt number ratio (mixed to 
forced) and buoyancy parameter is proposed. 
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1. Introduction 
Molten salts is widely used in nuclear power plant and solar thermal power station because of its 
excellent heat transfer and storage properties. Heat transfer characteristic of molten salts plays a key role 
to improve the efficiency of such plants. Most studies focus on the heat transfer of molten salts flowing in 
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a circular tube with a uniformly heated wall [1,2]. Experimental research indicated that variable 
properties of molten salts affected heat transfer and the well-known empirical correlations should be 
modified [3]. Heat transfer of molten salts flowing through a passage of annular cross-section is common 
in a molten salts heat exchanger. The heat transfer behavior in an annular passage is different from that in 
a circular tube [4]. There are two walls in a passage, inner and outer one, and the maximum velocity is 
close to the inner surface rather than in the center of the passage. However, few reports about molten salts 
flowing in an annular duct could be found.  
In this paper, experiment has been designed and conducted to study heat transfer characteristic of 
molten salts in a double-pipe steam generator, where molten salts flows in the annular passage and water 
evaporates in the inner tube. Differed from the former experimental studies conducted through single pipe, 
the present experiment is on a heat exchanger and the heat flux is random rather than uniform. Therefore, 
the experiment is much more practical. Furthermore, the experiment focuses on the heat transfer of 
molten salts chilled by evaporation. The variations of property will be much more significant than in a 
heated case. 
2. Experimental Method 
The double-pipe steam generator is part of a high-temperature heat transfer-storage-release 
experimental system [5]. Fig. 1 shows the system of double pipe heat exchanger for water-molten salts 
pair. Preheated water is pumped into the inner tube of heat exchanger from the bottom, and its flow rate is 
measured through a glass rotameter. A couple of level electrode makes sure that water is full of exchanger 
when vaporization takes place at pressure 0.1 MPa. Molten salts flows in the jacket in the same direction 
of water. The length of heat exchange is 1300 mm, which includes an entrance region of 400 mm. The 
outer and inner tube is ĳ57×2 mm and ĳ19×2 mm, respectively. Six sections with equidistance of 150 
mm have been chosen in the flow direction and each of them has four thermal couples labeled with 1 and 
3 measuring the inner tube wall, and thermal couple 2 and 4 for the bulk temperature of molten salts. The 
uncertainty of Nusselt number was 5.18% according to error theory [6].  
 
Fig. 1. Double-pipe steam generator system and distribution of thermal couples 
3. Results and Discussion 
Properties of molten salts referred to [7] were strongly dependent on temperatures. In the experiment, 
the inner tube wall temperature ranged from 182  to 332 , corresponding to the wall Prandtl number ć ć
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Prw varied from 30 to 12. The molten salts temperature was from 275  and 388 , and the Prandtl ć ć
number Prf was limited to 9̚14. The range of Reynolds number Re was 2500̚12000. 
In the double-pipe steam generator, a high temperature difference between inner wall and molten salts 
was observed. Therefore, the effect of variable properties of molten salts on heat transfer should be 
considered. The strength of buoyancy influences induced by variable properties was calculated through a 
buoyancy parameter [8], which was given in terms of Grashof number Gr, Reynolds number Re and 
Prandtl number Prf as follows: 
 3.425 0.8Re PrfBo Gr                                                                                                                                 (1) 
3.1. Forced  Convection 
In annular duct, when buoyancy parameter Bo is less than 10-6, influence of buoyancy on heat transfer 
is negligible and the flow is force convection [8]. The correlation of force convection used in our 
concentric annular duct was attained [9]: 
0.81 0.4 0.45 0.77
0 0.069 Re Pr ( ) (Pr Pr )f o i f wNu D D                                                                                           (2) 
Where Do is the inner diameter of outer tube and Di is the outer diameter of inner tube. The condition is: 
Do/Di=2.789, Prf=8̚12, Prf/Prw=0.28̚0.46, Re=5800̚11000, with outer wall insulated. The error of 
equation (2) is less than 20% (Fig. 2). 
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Fig.2. Heat transfer behavior of molten salts  
3.2. Mixed Convection 
In annular duct, when buoyancy parameter Bo is greater than 10-6, influence of buoyancy on heat 
transfer should be considered. The heat transfer characteristic of mixed convection is described as follow 
[10]: 
 
0.462
0 01 125000Nu Nu Bo Nu Nu
ª º r¬ ¼                                                                                                       (3) 
Where Nu is the Nusselt number for mixed convection and Nu0 is the Nusselt number for force 
convection. Equation (3) was based on experiments of air flowing through a vertical annular passage, 
having a uniformly heated core and a thermally insulated outer casing. 
  In the experiment, the working fluid was molten salts rather than air and effects of fluid property 
variations were different. The vertical annular passage had a chilled inner surface and an adiabatic outer 
one. Fig. 2 is the mixed convection heat transfer behavior of molten salts and air. It can be seen that the 
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heat transfer behavior of molten salts flowing upward in an annular duct with a chilled inner wall is 
similar to that of air flowing downward with a heated wall. However, the buoyancy influence on heat 
transfer of molten salts is not so significant. Since the inner wall temperature is relatively low, the viscous 
drag force of molten salts near to the wall is quite strong and it impedes generation of disturbance. Based 
on the experiments, an equation which describes the mixed convection heat transfer of molten salts is 
obtained: 
 
0.462
0 01 14685.96Nu Nu Bo Nu Nu
ª º  u¬ ¼                                                                                                   (4) 
The constant reduced from 125000 in equation (3) to 14685.96. It means that buoyancy induced weaker 
effect. 
4. Conclusions 
The experiments for heat transfer of molten salts with variation of properties were carried out in a 
double-pipe steam generator, where molten salts flows in annular duct and water evaporates in inner tube. 
The following results are attained: 
Considering the effect of variable properties on force convection heat transfer, an equation is given, 
and its error range is ±20% compared with experimental data. 
For mixed convection, enhancement of heat transfer occurs at a somewhat value of buoyancy 
parameter, but the value is higher than the air case. An equation base on the experiments is correlated in 
terms of Nusselt number ratio (mixed to forced) and buoyancy parameter. 
Acknowledgements 
Authors specially appreciate the financial support by Natural Science Foundation of China (51106185), 
Nature Science Foundation of Guangdong Province (S2012040007694), Fundamental Research Funds for 
the Central Universities (121gpy23). 
References 
[1] Cooke J W, Cox B. Forced convection heat transfer measurements with a molten fluoride salt mixture flowing in a smooth tube. 
Oak Ridge National Laboratory, ORNL-TM-4079 
[2] Hoffman H W, Cohen S I. Fused salt heat transfer, Part III: Forced convection heat transfer in circular tubes containing the salt 
mixture NaNO2-KNO3-NaNO3. Oak Ridge National Laboratory: ORNL2433 
[3] Liu B, Wu Y T, Ma C F. Turbulent convective heat transfer with molten salt in a circular pipe. International Communications in 
Heat and Mass Transfer, 2009, 36:912-916 
[4] Volker G. Heat transfer coefficients for turbulent flow in concentric annular ducts. Heat Transfer Engineering, 2009, 30(6):431-
436 
[5] Yang M L, Yang X X, Yang X P. Heat transfer enhancement and performance of the molten slat receiver of a solar power tower. 
Appl Energy 2010; 87: 2808-2811 
[6] Sante R S. Introduction to Error Theory. Visual Physics Laboratory, Texas A&M University, College Station, 2004, 4. 
[7] Peng Q, Jing D, Wei X L, Yang J P, Yang X X. The preparation and properties of multi-component molten salts. Appl Energy 
2010; 87: 2812-2817 
[8] Wu T H, Xu Z Y, Jackson J D. Mixed convection heat transfer to water flowing through a vertical passage of annular cross 
section: part 2. Trans IChemE 2002; 80(4): 246-251 
[9] Wiegand J H. Discussions of annular heat transfer coefficient for turbulent flow. Trans. AICHE 1945; 41:147-152 
[10] Kim W S, Talbot C, Chung B J. Variable property mixed convection heat transfer to air flowing through a vertical passage of 
annular cross section: part 1. Trans IChemE 2002; 80(4): 239-245 
